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Abstract
Electrochemical exfoliation has emerged as a green, effective and scalable route for mass production of
graphene. Cathodic exfoliation of graphite, offers a direct production of high quality and low defect
graphene. However, the protocols for cathodic exfoliation reported to date, use mostly non-aqueous
electrolytes which require extended period of intercalation, and post-treatment to further exfoliate the
intercalated graphene layers. In contrast, the employment of environment friendly aqueous-based
electrolytes, coupling with a shorter exfoliation period would be attractive features of any new protocol.
Here, we demonstrate efficient cathodic electrochemical exfoliation of graphite to graphene nanoplatelets
in aqueous electrolytes using common and inexpensive alkali-metal salts such as KCl. The key driving
force to exfoliate graphite successfully in aqueous electrolyte is applying a sufficiently high voltage, and a
high salt concentration which facilitate cation intercalation, and promotes hydrogen evolution to exfoliate
the graphene. The cathodic exfoliated graphene nanoplatelets using KCl aqueous electrolyte exhibits a
low defect density (ID/IG of 0.06, a C/O ratio of 57.8), high graphite exfoliation yields (> 80%) in short
times (< 10 min for a graphite foil of 1 cm x 1 cm x 0.0254 cm, 30.0 mg). The highly conductive structure
consists mainly of 10-13 layers graphene sheets that serve as an excellent support material for
electrocatalytic reactions. This environment-benign aqueous-based cathodic electrochemical exfoliation
of graphite opens a new opportunity in large-scale and low-cost production of high-quality graphene
nanoplatelets.
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Abstract
Electrochemical exfoliation has emerged as a green, effective and scalable route for mass production of
graphene. Cathodic exfoliation of graphite, offers a direct production of high quality and low defect
graphene. However, the protocols for cathodic exfoliation reported to date, use mostly non aqueous
electrolytes which require extended period of intercalation, and post-treatment to further exfoliate the
intercalated graphene layers. In contrast, the employment of environment friendly aqueous-based
electrolytes, coupling with a shorter exfoliation period would be attractive features of any new protocol.
Here, we demonstrate efficient cathodic electrochemical exfoliation of graphite to graphene nanoplatelets
in aqueous electrolytes using common and inexpensive alkali-metal salts such as KCl. The key driving
force to exfoliate graphite successfully in aqueous electrolyte is applying a sufficiently high voltage, and
a high salt concentration which facilitate cation intercalation, and promotes hydrogen evolution to
exfoliate the graphene. The cathodic exfoliated graphene nanoplatelets using KCl aqueous electrolyte
exhibits a low defect density (ID/IG of 0.06, a C/O ratio of 57.8), high graphite exfoliation yields (>80%)
in short times (< 10 mins for a graphite foil of 1 cm x 1 cm x 0.0254 cm, 30.0 mg). The highly conductive
structure consists mainly of 10 to 13 layers graphene sheets that serve as an excellent support material for
electrocatalytic reactions. This environment-benign aqueous-based cathodic electrochemical exfoliation
of graphite opens a new opportunity in large-scale and low cost production of high quality graphene
nanoplatelets.

Introduction
Graphene, a two dimensional carbon material with extraordinary electronic, thermal, mechanical and
optical properties has seen opportunities for wide-spread application [1-4]. However, limited scalability,
cost effective and ecofriendly simple reproducible processing methods that deliver high quality material
limits widespread translation. Several approaches for the production of graphene have been developed
such as mechanical exfoliation [1, 4], chemical vapour deposition (CVD) [5], arc-discharge method [6],

shear exfoliation in liquids [7], micro-wave assisted production, [8, 9] reduction of graphene oxide (GO)
[10] and liquid phase exfoliation [11]. Among them, CVD grown graphene can yield high quality
graphene, however the major obstacles are high cost and harsh reaction conditions producing toxic gases.
The arc discharge method which involves physical exfoliation is employable for industrial scale but is
hampered by the need for costly equipment. Chemical reduction of graphene oxide (rGO) offers promise
for a large-scale graphene production approach, however, graphene properties cannot be fully restored
with unavoidable surface defects. Furthermore, rGO routes usually generates undesirable hazardous
wastes.
Electrochemical exfoliation of graphite to graphene is an approach that offers a possible largescale and low-cost mass production of high quality graphene [12-17]. It requires the use of a suitable
electrolyte containing cations/anions that will enable intercalation and exfoliation; and a power supply to
drive this process [15-19]. This approach reduces the source of potential impurities that may arise from
the use of extensive chemical reagents as required in the chemical exfoliation [20-25]. Beyond graphene,
other 2D materials such as MoS2 [26, 27] and black phosporous [28, 29] have been electrochemically
exfoliated. Electrochemical exfoliation of graphite can occur either anodically or cathodically, depending
on the polarity of the applied current/voltage. Other parameters such as electrolytes, types of electrodes,
external force factors such as heat and radiation would influence the produced graphene products [12, 17].
Anodic exfoliation occurs when a sufficiently high positive voltage is applied to the graphitic material
[25, 30-32]. While enabling intercalation and exfoliation this approach also creates defects in the graphitic
structure due to the production of oxidizing radicals in the process [33-35]. Minimising defects requires
tuning the electrolyte composition [19] and/or the introduction of suitable additives [22, 36-39]. In
contrast, cathodic exfoliation at reductive potentials more pristine like graphene could be obtained [30,
40-42].

To date, the cathodic exfoliation of graphite to graphene has involved the use of organic solvents
with lithium/alkyl ammonium salts [41, 43, 44], ionic liquids or molten salt [45-48], plasma induced
exfoliation [26, 49-53] and ammonium based cations in aqueous medium [54]. In this process, extended
intercalation times, e.g. ~10 h or more, as well as post-treatment by sonication or microwave irradiation
is needed to further exfoliate the intercalated graphene layers and a low yield of graphene is obtained [41,
55]. Here, we demonstrate a protocol that enables production of low defect, several layer graphene
nanoplatelets (GNPs) using a cathodic exfoliation approach in aqueous media. This is achieved using
alkali metals containing aqueous electrolytes. It is found that alkali metal cations such as Li+, Na+, K+,
Rb+ and Cs+ in aqueous chloride-based electrolytes are all able to intercalate and cathodically exfoliate
graphite into GNPs. However, the exfoliation rate and yield depends on the concentration of dissolved
cations in the electrolyte, the size of cations, and the applied potential. For simplification, we abbreviated
this aqueous-based cathodic exfoliated graphene nanoplatelets as ACEGNPs.

Materials and Methods
Materials
Graphite foil (0.254 mm, 99.8 %, Alfa Aeser), and analytical grade chemicals – LiCl, NaCl, KCl, RbCl
and CsCl were purchased from Chem Supply. Acetone, ethanol, DMF, n-Hexane and NMP were
purchased from Sigma Aldrich. All chemicals were used as received. Milli-Q water was used in all
aqueous-based experiments.

Graphite Exfoliation: Cathodic graphite exfoliation process was carried out in a two-electrode
electrochemical cell, using graphite and platinum foils, as a cathode and an anode, respectively. The
electrodes were fixed at a distance of ~ 2 cm, and experiments were performed at 20 ± 2 0C. Various
concentrations of alkali metal chloride salts (LiCl, KCl, NaCl, RbCl and CsCl) containing aqueous

solutions were employed as electrolytes. DC cathodic voltages used to trigger the exfoliation process were
supplied by using TENMA 72-2550 programmable DC power supply. Some experiments were performed
with the use of a CH Instruments 650D potentiostat. Once the exfoliation is completed, the product was
filtered through a filter paper and washed several times with milli Q water by vacuum filtration and dried
overnight at room temperature. The resultant exfoliated GNPs was then dispersed in water, ethanol,
acetone, N, N-dimethylformamide (DMF), n-hexane, N-Methyl-2-pyrrolidone (NMP) and dimethyl
sulfoxide (DMSO) via ultrasonication in a BRANSON3550 ultrasonic bath for an hour. The dispersions
were maintained for 24 h and comparatively stable dispersions were used for further characterisation.
Accordingly, the top part of the dispersion in DMF was used for this characterisation process.

Material Characterisations: The morphology of GNPs was obtained using a field emission scanning
electron microscope (FESEM, JEOL JSM-7500FA). Bright field (BF) scanning transmission electron
microscopy (STEM) images of exfoliated GNPs were obtained using a JEOL ARM200F aberrationcorrected STEM operation at 80 kV. The bright field images (Figure 3c), were processed to enhance the
visibility of the lattice fringes by selecting the periodic components in the Fast Fourier Transform of the
image and then taking the inverse transform. AFM characterisation was carried out with an Asylum
Research Atomic Force Microscope. Raman spectroscopy was performed with a Horiba Jobin Yvon
LabRam HR Evolution Raman Spectrometer using a 633 nm laser line. X-ray photoelectron spectroscopy
(XPS) spectra were collected by illuminating the samples with a non-monochromatic x-ray source
(Omnivac) using Al Ka (1486.6 eV) radiation, and the photoemission collected by an SES2002 analyser
(Scienta). Survey scans were carried out with pass energy of 200 eV; while region scans were performed
using pass energy of 20 eV and 200 meV steps. Working pressure in the analysis chamber with sample
under x-ray illumination was typically 3.5 x 10-9 mBar, with a base pressure of 5 x 10-10 mBar. XPS
spectra were calibrated by referencing the primary C1s peak to 284.5 eV in accordance with the literature.
The graphene samples were analysed by X-ray diffraction (XRD, GBC MMA diffractometer) with Cu

Kα radiation at a scan rate of 2 degree per minute. The resistivity of aqueous-based cathodically exfoliated
GNPs foil was measured using a four-point probe Jandel Model RM3. The resistivity measurement was
performed based on a standard approach where a high impedance current source was used to supply
current through the outer two probes; and a voltmeter measured the voltage across the inner two probes.

Electrochemical Studies:
Preparation of ACEGNPs-based carbon paper as a conductive catalyst support
The ACEGNPs were dispersed in DMF with a concentration of 0.5 mg/mL followed by sonication of 1
hour. The dispersed GNPs was drop casted onto a carbon paper as a gas diffusion electrode (area of 1 cm
x 1cm) and dried in the air before loading.

Preparation of MoS2 electrodeposited ACEGNPs-based carbon paper
Cathodic electrodeposition of MoS2 on unmodified and ACEGNPs-loaded carbon papers were performed
in the electrolyte containing 10 mM (NH4)2MoS4 and 0.2 M KCl (pH 6.8) at - 1.1 V vs. Ag/AgCl (3M
NaCl) for 15 min under Argon [56]. The ACEGNPs-loaded carbon papers and MoS2-ACEGNPs loaded
carbon papers were then examined under electrochemical and materials characterization. The linear sweep
voltammetry (LSV) and AC impedance were recorded in the CH Instruments 650D electrochemical
workstation in a three-electrode configuration, by employing the above mentioned electrode as a working
electrode, a Ag/AgCl (3M NaCl) as a reference electrode, and a Pt foil as a counter electrode. The prepared
electrodeposited MoS2 sample was analysed by the SEM, EDX and Raman analyses.

Preparation of ACEGNPs paper
As ACEGNP was very low defective, it could be converted to graphite like structure by applying pressure
into ACEGNPs. ACEGNPs were pressed in a Swagelok type cell and it produced the pressed GNPs foil
which was around 1.2 cm in diameter. For control experiment the same size graphite foil was obtained

(1.2 cm diameter) and pressed. For ACEGNPs foil and graphite foil, the electrodeposition of MoS2, LSV
and AC impedance were measured as described previously.

Results and discussions
In the exfoliation experiment, we applied a cathodic voltage to a graphite foil, and used a Pt foil as
an anode, and employed an alkali metal containing electrolyte (Figure 1a). We found that the key in
successful exfoliation of graphite in an aqueous electrolyte is the combination of both sufficiently high
cathodic voltage, as well as high concentration of cations. At a high voltage (eg. -10 V and above), low
cation concentration would not promote intercalation, hence exfoliation. Likewise, the exfoliation is
retarded at a low voltage, even in the presence of highly concentrated cations (eg. 2 M and above) (see
Figure S1). The key pre-requisite driving force requires cations to participate in the intercalation process.
Subsequent hydrogen gas evolution on the electrode surface including between the sheets of intercalated
graphite assists in delaminate the graphitic nanosheets. Hence, a high cathodic current would be required
to generate sufficient hydrogen gas, as well as provide a cathodic driving force in promoting highly
concentrated cations to participate in the intercalation process (Figure 1b).

Figure 1 Schematic (ai) and photograph (aii) of the electrochemical cathodic exfoliation experimental
setup with the later showing cathodic exfoliated graphene nanoplates in the electrolyte; the ACEGNPs
were obtained by filtration, washing with milli Q water and drying (aiii); (b) The current-time profile for
cathodic electrochemical exfoliation performed at - 10.0 V in 0.25 to 2.0 M KCl aqueous solution. Inset
shows the photographs of graphite foils after cathodic exfoliation process at the corresponding
concentrations of aqueous KCl electrolytes; (c) The current-time profile for cathodic electrochemical
exfoliation performance on the variation of cationic radii in 2M of aqueous halide salt electrolytes, with
the inset showing the enlarged version of early stage of exfoliation processes.

We have studied the influence of electrolyte concentration, applied voltage, exfoliation time, and
cationic radii on the exfoliation performance. Firstly, we examined the use of a common salt, KCl for the
cathodic exfoliation. The current-time profile at -10.0 V in Figure 1b shows the essence of a highly

concentrated KCl to promote cation intercalation, follow by the exfoliation. At 2.0 M, the high initial
current ~ 7A cm-2 indicates rapid intercalation as graphite being expanded, which was followed by the
dropped in current at the first few min, due to exfoliation step resulting in detachment of ACEGNPs from
the graphite (see inset in photograph of Figure 1b, Figure S1). Likewise, the data in Figure 1b indicates
at 1.0 M, intercalation/exfoliation occurred at an early stage, but it was unsustainable. This is evidenced
from Figure S1 where exfoliated graphene flakes are relatively small in quantity. Lower KCl
concentration (e.g. ≤ 0.50 M) only promotes some intercalations, whilst large portions of the graphite foils
remained intact. We applied the cathodic potentials of between - 2 V to - 10 V, and found that a minimal
voltage of - 4 V is required to initiate exfoliation (Figure S2). -10 V is found to have a sufficient driving
force to promote an efficient exfoliation process. Therefore, -10 V was chosen for the further
investigation.
We further examine the influence of alkali metals of various ionic radii. As shown in Figure 1c,
increased ionic radii promotes exfoliation, that is Li+<Na+<K+<Rb+<Cs+. The rapid drop in current
indicating detachment of graphite flakes. For example, larger size cations such as K+ is found to allow
faster and efficient exfoliation than Li+. Table S1 describes the electrochemical exfoliation performance
of graphite to graphene in various aqueous cationic species. Our result is consistent with the size
dependence observed for cathodic exfoliation processes in organic solvents containing a series of
tetraalkylammonium cations [42]. In that study, the largest tetrabutylammonium cations exhibited the
most efficient intercalation and exfoliation yield, as a larger size cation help to overcome of the interlayer
Van der Waals forces between the graphene sheets [42].

Figure 2 Schematic of proposed mechanism for the cathodic graphite exfoliation showing general (a) and
details (b) views of graphite intercalation and exfoliation stages using aqueous-based alkali-metals.

Based on our experimental results from Figure 1 and the relevant supporting information, we
propose the following mechanistic aspects of an electrochemical aqueous-based cathodic exfoliation
(Figure 2). Our proposed mechanism follows the cation size dependent and gas evolution pathway [54].
In a layered material such as graphite there is weak interlayer bonding like van der Waals forces or
electrostatic interaction where sufficient energy is needed to overcome these forces. Upon the applied

cathodic potential, ionic species are driven to intercalate in between the graphene layers. Gas evolution
then expands the interlayer spaces in graphite, overcomes van der Waals forces and results in exfoliation
to individual graphene sheets. More specifically, injection of electrons to the cathodic electrode result in
two adjacent graphene layers with similar charge in graphite repulse from each other, and negatively
polarised surface attract positively charged ions (M+ = Li+, Na+, K+, Rb+, Cs+). Application of -10 V
results in substantial H2 evolution of the electrode interface of an aqueous electrolyte containing alkali
metal [M+(H2O)x].
It should be noted that alkali metal ions may influence the hydrogen evolution behaviour. For
example, Li+ weakens the O-H bond of water molecules and lowers the energy barrier for hydrogen
evolution reaction [57-59]. In the cathodic exfoliation performed in an organic solvent system, the absence
of protons from water imply that no H2 was formed [42]. Importantly, high concentrations of alkali metals
are needed to form a sufficiently dense layer of cations on the adjacent layer of graphene. As the size of
the cation becomes smaller (eg. Li = 1.8Ǻ, Na = 2.32 Ǻ) than the interspacing graphene lattice (3.54 Ǻ),
we propose that two adjacent layers attracting positively charged hydrated cations provide repulsion force.
This is supported by our experimental observation that with the use of low concentration of alkali metals
the formation of such a repulsion layer was not possible, hence no exfoliation occurred.
An important factor that promotes successful exfoliation is formation of H2 bubbles that weaken
the pi-bonding to facilitate exfoliation of the graphene layers. Usage of 2M HCl electrolyte with an applied
potential of - 10 V to - 30 V vigorous formation of H2 gas was observed without any expansion or
exfoliation of the graphite foil, validating the critical role of alkali cations in the intercalation/exfoliation
process.
For further study, we focus on the detailed characterisation of cathodic exfoliated graphene using
2M KCl aqueous electrolyte, as KCl is abundant and less expensive than RbCl and CsCl which are
expensive, whilst LiCl and NaCl exhibited a lower exfoliation efficiency. The obtained GNPs from
exfoliation in KCl electrolyte were dispersed in several commonly used solvents such as water, ethanol,

acetone, N,N-dimethylformamide (DMF), n-hexane, N-Methyl-2-pyrrolidone (NMP) and dimethyl
sulfoxide (DMSO) by 1 h ultrasonication, and the dispersion was maintained for 24 h. As shown in Figure
S3, even at this low concentration (0.1 mg mL-1) of ACEGNPs, significant agglomeration was observed
at the bottom of the vials for all solvents. However, ACEGNPs show slightly better dispersibility in DMF
and NMP than other solvents such as water, ethanol, acetone and n-hexane. The poor dispersibility in the
examined solvent systems, further indicate the pristine nature of the ACEGNPs that have limited
functional groups. Comparatively, anodically exfoliated graphene is known to be well dispersed in DMF
at concentrations of 5 to 10 mg/mL graphene [25, 32].

Figure 3 A series of characterisations of ACEGNPs as following: a) distribution profile of the sheet
thicknesses; b) an AFM image showing a height profile; c) A bright field STEM image; d) Raman
spectrum (excited by 633 nm laser); e) XPS survey of a high-resolution C 1s spectrum; and f) comparison
of XRD pattern to a graphite foil.

The top portion of ACEGNPs dispersed in DMF was used for further characterisation. A
distribution profile of graphene sheet thickness (from 30 graphene sheets) measured by the AFM is shown
in Figure 3a. A distribution profile of graphene sheet thickness (from 30 graphene sheets) measured by
the AFM is shown in Figure 3a, with the sheets consist in majority 10 to 13 layers. We use the following
equation to determine number of layer, N of graphene sheets which was detailed by Shearer el al. [60]

𝑁𝑁 =

t measured − 0.4
0.335

Where tmeasured is the thickness measured via AFM, and the nominal 0.4 value is subtracted to take into
account the increases in measured thickness related to substrate–graphene and graphene–tip interactions.
0.335 is referred to thickness of a single layer graphene in nm. An example of the topographical profile
of atomic force microscopy (AFM) image is shown in Figure 3b, revealing 13 layers graphene sheet.
Other examples of AFM images are shown in Figure S6. The lateral size of graphene sheets from the
AFM images reveals average size of 1-3 µm. The bright field (BF) Scanning Transmission Electron
Microscopy (STEM) image of the well-defined structure of ACEGNPs show high quality graphene in
Figure 3c. The BF STEM images of different magnification are also shown in Figure S5 at atomic
resolution which also indicates a high quality several layer graphene. Raman spectrum shows the intensity
ratio of D peak and G peak in Figure 3d excited by a 532 nm laser. It has three dominate bands, including
D band at 1331 cm-1, G band at 1581 cm-1 and a 2D band at 2686 cm-1. The D band is due to out of plane
vibrations indicates the presence of structural defects [25] The intensity ratio of D band and G band is
0.06 which exhibits a low value of defect or disorder. Figure S6 shows a comparison of Raman data for
ACEGNPs in aqueous based electrolytes containing Li+, Na+, Rb+ and Cs+ cations respectively. All of
those exfoliated GNPs exhibited low ID/IG values of < 0.1.

To determine the chemical composition of ACEGNPs (based on K+) X-ray photoelectron
spectroscopy (XPS) was employed (Figure 3e and survey curve in Figure S7). From XPS results, the
oxygen content of the graphene was determined to be 1.7 atom %. The atomic ratio of carbon and oxygen
(C/O) was calculated to be 57.8, which indicates closely pristine like graphene feature (Table S2). This
C/O ratio is the highest value reported to date for electrochemically exfoliated graphene as shown in Table
S3.The high resolution of the C 1s peak is fitted into three peaks at 284.5 eV, 286.2 eV, and 287.4 eV,
corresponding to the C=C, C−OH, and C=O bonds, respectively. The conjugated aromatic structure is
also preserved as the π–π* transition at 291.0 eV is clearly visible after exfoliation. As the cathodic
exfoliation is the reduction process, epoxy groups (C‐O‐C) and carboxyl groups (‐C (O)‐O) are absent.
Figure 3f presents the normalised XRD spectra of the graphite foil and the ACEGNPs. Only a small left
shift in XRD peak at 26.65o for ACEGNPs in addition to the comparable peak shape as in graphite foil
(at 26.76o) further indicates a very low defect graphene lattice.

Figure 4 a) (i) The linear sweep voltammograms and (ii) impedance spectra for MoS2 deposited on bare
and ACEGNPs coated carbon paper (CP) performed in 0.5M H2SO4. Impedance spectra were recorded
in the frequency ranged from 10 Hz to 1 MHz at -0.35 V vs. Ag/AgCl (3M NaCl). Inset shows a SEM
image of ACEGNPs coated CP with electrodeposited MoS2; b) (i) The linear sweep voltammograms show
comparison of bare graphite foil, bare ACEGNPs foil, MoS2 deposited graphite foil and MoS2 deposited
ACEGNPs foil and (ii) electrochemical impedance spectra for MoS2 deposited graphite foil and MoS2
deposited ACEGNPs foil. These experiments were performed in 0.5 M H2SO4. Impedance spectra were
recorded in the frequency range from 10 Hz to 1 MHz at -0.375 V vs. Ag/AgCl (3M NaCl).

We examined properties of as-exfoliated ACEGNPs to serve as a conductive additive for
electrocatalysis application. ACEGNP was dispersed in DMF, ultrasonicated for 1 h, and then the

dispersion was left for 24 h. The top part of the dispersion was drop cast onto a carbon paper to form a
gas diffusion electrode (Figure 4a, Figure S8 a1-2, b1-2). The highly conductive nature of ACEGNPs
offers a platform for homogeneous electrodeposition of the H2 evolution catalyst, molybdenum disulphide
(MoS2). MoS2 was electrodeposited from an electrolyte which contains 10 mM (NH4)2MoS4 and 0.2 M
KCl (pH 6.8) at 1.1 V for 15 min under Argon purging [56]. The successful electrodeposition of MoS2 on
the ACEGNPs coated carbon paper, is confirmed by SEM images (Figure 4aii and Figure S8 c1, c2), EDX
(Figure S8d) and Raman spectra (Figure S8e). The presence of ACEGNPs on carbon paper is found to
promote electrocatalytic performance of hydrogen evolution (Figure 4ai). This is largely attributed to
enhance conductivity provided by ACEGNPs that lowering the charge transfer resistance of the catalytic
reaction as indicated by the impedance spectra of Figure 4aii.
To further examine the quality of the ACEGNPs, we performed the reverse process by assembling
the exfoliated graphene flakes to form ACEGNPs foil (see inset in Figure 4bii). This was achieved by
pressing the pre-determined amount of ACEGNPs between two metal weight loads. The measured
resistivity of ACEGNPs foil was found to be 0.65 ± 1 Ω□-1, comparable to the graphite foil. It was found
that the ACEGNPs foil is showing lower overpotential for H2 evolution in comparison to the original
graphite foil used for cathodic exfoliation. This is possibly due to the activation of graphene surface
especially the creation of a low level surface defect through the exfoliation step. We also further
electrodeposited MoS2 on ACEGNPs foil, and compared to on graphite foil (Figure 4b). Comparatively,
electrocatalytic performance of MoS2 electrodeposited on ACEGNPs foil is having an improved
performance (Figure 4bi), with the lower charge transfer resistance (Figure 4bii and Figure S9). In
overall, the higher conductivity of ACEGNPs foil was showing better performance across all the
examined samples, including on ACEGNPs coated carbon paper.

Conclusion
In conclusion, we demonstrate the production of high quality and low defect ~ 10-13 layers
ACEGNPs in aqueous solution of alkali metal salt electrolytes with suitable cation size, as well as
optimising both electrolyte concentration and applied potential. Considering the potential scalability, as
well as the feasibility in employing environmentally benign aqueous-based electrolyte, this work is
offering a new perspective on cathodic exfoliation as an attractive method for the large-scale production
of graphene nano platelets. There is still room for exploration to further enhance the properties of aqueousbased cathodically exfoliated graphene. This includes examine various parameters to alter the ACEGNPs
sheets thicknesses, in-situ surface and edge functionalisation, incorporation of other additives, as well as
post-processing strategies of ACEGNPs. This new discovery of aqueous cathodic exfoliation using
inexpensive inorganic salts offer a promising approach for industrial-scale mass production of high quality
graphene.
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